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Alternating-Time Temporal Logic 
Abstract 
Temporal logic comes in two varieties: linear-time temporal logic assumes implicit universal 
quantification over all paths that are generated by system moves; branching-time temporal logic allows 
explicit existential and universal quantification over all paths. We introduce a third, more general variety of 
temporal logic: alternating-time temporal logic offers selective quantification over those paths that are 
possible outcomes of games, such as the game in which the system and the environment alternate 
moves. While linear-time and branching-time logics are natural specification languages for closed 
systems, alternative-time logics are natural specification languages for open systems. For example, by 
preceding the temporal operator "eventually" with a selective path quantifier, we can specify that in the 
game between the system and the environment, the system has a strategy to reach a certain state. Also, 
the problems of receptiveness, realizability, and controllability can be formulated as model-checking 
problems for alternating-time formulas. 
Depending on whether we admit arbitrary nesting of selective path quantifiers and temporal operators, we 
obtain the two alternating-time temporal logics ATL and ATL*. We interpret the formulas of ATL and ATL* 
over alternating transition systems. While in ordinary transitory systems, each transition corresponds to a 
possible step of the system, in alternating transition systems, each transition corresponds to a possible 
move in the game between the system and the environment. Fair alternating transition systems can 
capture both synchronous and asynchronous compositions f open systems. For synchronous systems, 
the expressive power of ATL beyond CTL comes at no cost: the model-checking complexity of 
synchronous ATL is linear in the size of the system and the length of the formula. The symbolic model-
checking algorithm for CTL extends with few modifications to synchronous ATL, and with some work, 
also to asynchronous to ATL, whose model-checking complexity is quadratic. This makes ATL an obvious 
candidate for the automatic verification of open systems. In the case of ATL*, the model-checking 
problem is closely related to the synthesis problem for linear-time formulas, and requires doubly 
exponential time for both synchronous and asynchronous systems. 
Comments 
University of Pennsylvania Department of Computer and Information Science Technical Report No. MS-
CIS-98-09. 
An abbreviated version of this paper appeared in the Proceedings of the 38th IEEE Symposium on 
Foundations of Computer Science (FOCS ’97), pp. 100-109, October 1997. This work was supported in 
part by the ONR YIP award N00014-95-1-0520, by the NSF CAREER award CCR-9501708, by the NSF grant 
CCR-9504469, by the AFOSR contract F49620-93-1-0056, by the ARO MURI grant DAAH-04-96-1-0341, by 
the ARPA grant NAG2-892, and by the SRC contract 95-DC-324.036. 





















































































































































































































































































































































































































































>±=7/-x'uXYEm;' EjOEx5FM1m=rg-x'> Ex@@J=ﬀ7O'@J')1J>,Ex5'<EÐN&65=g>$}@@m'1a;=ﬀ @J;'.'5O*Ex1m=G5>±'5D@
1m'@@m1JENEu@J@$@m;'g'uV@J')1J58$6-eEm;=GENE(')@M@m;'g@kC@k@J'>¯@V$}@JEx@v>K'@C
B
































gK'-x=G5F?@$@J=l@m;':@J'@4^@J;')5O@J;'±M1J= @V$F?=G5Ex@k@&<Ex5@bB^iNS@J;'±M1J= @V$F?=G5Ex@k@4;K$@ﬃ$ <Ex5DX
5Ex5F@@J1($ﬀ@m'FrC:




@k@V$ﬀ@m'OBKC<'1m'r  !ﬂ ﬂ<Ex@%$ $
9ﬁ =#"$
:ﬁﬂ %D7#MK$1V$6>,'@m'1JExD'b7<E;@J;@J;'@J'@& =NA$6FG'5D@J@9
































































EW.   ﬂ ﬂ












ﬁ = %9ﬁ =7$<&%9,&ﬀ??M%?4Wﬁ = ?ﬀZ9?ﬁ"# Lr% .ﬂV$?7O*G'1m@V$61JEy$-uMK=G@m@JE;gEx-xE @vC:0B
(
BDk};Ex-0'S@m;'%i
9T®Ni=G1J>:/2-f$ E C$@J@m'1@m@@m;8$ﬀ@ @J;'@k@V$ﬀ@m'M1J'!7EmE)$ﬀ@J' CÇEx@<$5,Ex5O*G$1mEsX
$65D@%=NA$ﬀ@kC@k@J'>E(=G>±M8=?5'5D@<Ex1J1m'@JMK'-Eu@mE0*?'ﬃ=6N @J;2'%g8');8$b*OE0=?1%=6NT$6-x-u=r@J;2'1%E(=G>±M8=}X
52'5D@J@ .($G7O*?'1J@($1JEy$6-zEx5O*G$1JEy$65FE('ﬃ:0#D@J;2'g+9TÈNP=?1J>:/-y$ 3 3 '6 6DC].!<;ENEm;@k@V$6587O@.NP=G1














H2BA9<;2' &,ﬂ$ﬁﬃp7??<=Nz$@kC@k@J'> <;=?@J'.-0Ex*?' E(=?>,M/ @V$ﬀ@mEx=G5@a$1J'.FGEx*G')5 gDC@J;'TO9T
Ni=G1J>:/2-f$
ﬂEx@
@JMK'-E(Es>8'!7gDC`@J;'+9T[NP=?1J>:/-y$!E  *	 ﬂ ﬂ <B
WKB i
;2'-EkjEx5F@J;'a&,+M 7oSﬁﬂZ.- $<&%ﬀ*+ ?#Z:ﬁ-=
?#S?/®=N%$5 TO9TÃNi=G1J>:/2-f$  E(=G1m1J'uX
@mM8=?587O@S@m=g>,=7O'-^Em;'-EkjOEx5Fﬃ=6Nﬂ@J;'+9T [NP=?1J>:/-y$  0120 ﬂ ﬂ }Ex5$>®$ VEx>$b-O>,=7O'-
@m;8$ﬀ@E=G5@mEf7'1J@$-x-uM8=?@J@mE g2-0'Ex5M/ @J@%$5K7,=?/@JM2/@J@bB
9B
9<;' ,%:ﬁﬂ&%') #SﬁﬂZ%=6N`$%@kCO@@J')>y<;=G@m'%@($bNP'<@k@V$ﬀ@m'@<$1J'.FGEx*G')5 gDC@J;'.@@V$}@J'.M1J'!78X
ENE$}@J' CEx@










;8$6@%$ﬀ@@m1V$ﬀ@m'FrC @J=:'52@J/1m' @m;'@V$ﬀ@mEx@ZNê$ Eu@JEx=G5®=6N <B




GHC DA' E)$55= @E(=G5oE(-x/87O'
@m;8$ﬀ@^@m;' E(=?>,MK=G/587@CO@@m'>  a$-x@m=<@V$ﬀ@mEx@v>8'@(J
GHC
B!I.5%@m;'=r@m;'1;8$587 EÐN.@V$}@JEx@v>K'@














Ex@@m'5D@JEy$-25'uV@vXv@JEx>,'T=GMK'1V$}@J=G1J G$5K7 Em;'-EkjOEx5Fg/52E0*?'1J@($-K1J'!$ Em;8$ﬀgEx-xE;@vC E(=?1J1J')@JMK=G587O@
@m=4E;@m'1V$}@JEx5F$@J;'./5Ex*G')1J@V$6-5'uV@FE rEm;'-EkjOE052Fﬃ$-;@J')1J58$}@JEx5F1J'!$ Em;8$ﬀgEx-xE;@vC E(=?1J1J')@JMK=G587O@




















@m'>I$5K7@J;'<@kC>`gK=G-xENE$6-0F?=G1mE @m;>¨Ex5O*G=G-x*?'@$5'@k@J'!7 >V'!7 XZM8=?E05D@ E=G>,M2/@V$}@JEx=G5zB)9<;'







@m'1J58$}@JEx5Fb@J1V$65@JE;@mE0=?5@CO@@m'>,@9$6587%AO' Eu@JEx=G5H%7O'?>85'@@J;2'«$6- @m'1J5K$ﬀ@JEx5F}X @mEx>,'ﬂ@m'>,MK=G1($-

























































k};'5'*?'1$@J;'@CO@@m'> Ex@%Ex5®@@($ﬀ@m':'b$rEm; $6FG'5D@ tEm;=O=G@m'@g$:@J'1@ "!$#%B.& :0B
Z5@J;2E0@<$ Cq$65 $6FG'5D@'5@m/1J')@ @m;8$ﬀ@@J;2'<5'uV@@@($ﬀ@m'<=NF@m;'<@CO@@m'> <Ex-0-DgK'<Ex5gE;@J@
Em;=?ENE('  ! BKC<=ﬀ





































































@J=­$E(=?>,M/@($ﬀ@mE0=?5­@@($1k@JEx5F­$ﬀ@@@($ﬀ@m' ,$@g$'B&,%!$ Bﬁ"9ﬁﬂ-%BJ=?1Ä$E(=?>,M/ @V$ﬀ@mEx=G5)I
$5K7Ô$®MK=G@mE @mEx=G5DMQN K




















=M1J=E('@m@J'@ ﬃ$6587 B9<;2'%M1m=UE'@J@ ﬃ$6@J@mE0F?5@
*G$-x/')@ @m=l@J;' g8=O=?-0'b$5*G$1mEy$ﬀg-x'YzB1k×;'5DYG nMg?Mr@J;2'5 =E$5Ã-x'!$b*G'`@m;',*G$6-0/2'
=N YÇ/25FEm;8$5F?'!7=?1 Em;8$52FG':E;@$@J=Hﬁﬂ 
?B@k×;'5GY% ﬁﬂ 
B^@J;2'5 ®-x'!$b*?'@%@m;',*G$6-0/2'








=:M1m=UE'@J@m'@$g8C @J;'.NP=?-x-0=ﬀ<Ex5F+9AK[Z+\" ]	) 	K1ﬂ7e

























1. Z 0 Y!#OB

1. \r06  1#B








B.& q0   & \"#    Z bZ+\"# #OB

B.& #0 2 &  Z #    \   Za\ #2#B

B. Z  :0 2  Z  Z+\ #2#B

B. Z	#0   & Z#    \ﬀ bZ+\ #2#B

B. \  :06   & \ #    Z   Z+\ # #B

B. \  #0 2  \   Za\2# #OB

B. Za\& :0    Z bZ+\ #2#B





EJ;K$5F?'­E;@J@,*G$6-x/'±NP1J=?> nMg?70@J= ﬁﬃ 
B@m;'$FG')58@(
E$657O'1@J'1m>,Ex5't<;2'@J;')1t@J;2',5'uV@:@k@V$ﬀ@m',=6N&@J;2',@CO@k@J'> <Ex-0- gK',@J=?>,' +AS<E;@J;
Y`# 1.+AS0:=G1±@J=?>,'+Ab<E;@J; Y#ﬂ1. +A0Bv@E$525=r@9;=ﬀ
'*G')1MA7'@J'1m>,Ex5'l@m;'


























 @J;'M1m=E('@J@m'@ :$6587 bE$525=r@SE(=O=GMK'1V$}@J'@J=@J;K$ﬀ@ @J;'@CO@k@J'>
<Ex-x-O>,=*G' @J=b\BGI.5 @J;'.=r@J;2'1A;K$587@}@J;'$FG')58@m@ E$65E(=O=GMK'1($ﬀ@J'.@J=@J;8$}@@J;2'%@CO@k@J'>



























	) 	1+A ﬂ47Eoju'1m@NP1J=?> 
Z+\
=?5-;C
Ex5=@J;'`@m1V$52@JE;@JEx=G5ÈNP/5oEu@JEx=G51eW+A .& #0B   & Z #2#qz$6587ÈE05Ô$6-x-`= @J;')1 E$@m'@1+A«$6FG1J')'@
















9<;Ex1V7 O@J/MMK=G@m'$@J;8$}@<M1J=E('@m@ bE$5EJ;K$5F?' 1Ni1J=G> nMg?7b@m=hﬁﬂ 
.'E;@J;2'1S<;'5)Y
Ex@<$-x1J'!$?7DCWﬁﬂ 






		1+ARA ﬂ:7OEju'1J@NP1J=?> ­=?5-;CÔEx5F+ARA .& #0K
 2 & bZ2#   & bZ+\"#2#BZ5ﬀ@@($ﬀ@m':EÐNM1J=E(')@J@ 7O'-E(Ey7O')@@J=-x'!$b*G' 1%/25FEm;8$5F?'!7@E;@EJ;2==?@J'@
@m;'>81J@k@g=GM @JEx=G5  & bZ#OB^iN&u=?5@m;':=r@m;'1ﬀ;8$5K7@uM1m=UE'@J@ ﬃ7'-E(Ey7O'@@J=Em;8$65FG'`@m;'
*G$6-0/2'=N 1b@m= ﬁﬂ 

M1J=*OEy7O'!7 @J;8$}@ YEx@z@mE0>:/2- @($5')=G/@m- C$Em;8$5F?'!7'@J= ﬁﬂ 
QgDCgM1J=E(')@J@ﬀ<

























+ARARA .& #0 +ARARAS.  Z 	706   & Z #    \   Z+\ #2#B
















 2 & b\ #   & bZ+\"#    Z bZ+\"#    Z b\2# #OB
 
+%5®=?1V7OEx58$61CW) 7)L>ﬁﬂ&?ﬀ ﬁﬃ-%' ?ﬀZ9?ﬁ"# O=G1<L.1JExMj?'%@@m1J/FE?@J/1m'rKE0@ @J;2'4@mM8' E(Ey$-eE)$@J'=6N
$5:+T9A<;'1J'b@J;'.@J'@ 	  	"#%=N`$6FG'5D@m@Ex@A$@JEx5F?-x'@J=?5:@J'@bBrZ5`@m;Ex@@JMK'-E(Ey$-ﬂE)$@J'B
@J;2'4@m=G-x'4$6FG'5D@	 E)$5$6-;«$ CO@7O'@m'1J>±E052'@J;2'4@m/FEE(')@J@J=?1%@k@V$ﬀ@m're?NP=?1«$6-0-2@@V$}@J'@Q#) 






















+9AÇEx@ ﬁ :#:9?MLW?#Z,ﬀ=q%%B?,EÐN<NP=G1'*?'1C@k@V$ﬀ@m'#0 ^@J;2'1J'®'uVEx@@m@ $65 $6FG'5D@

:
# 	 @J/FEm;t@m;8$ﬀ@CB.& 
:













Xv@J/2M-x' % ]	) 	K1 
ﬂ# <;'1m'`eﬀ  	 >®$M@'b$rEm;,@k@V$ﬀ@m'
`@m=@J;',$6FG'5D@'
:
@m;8$ﬀ@Ex@%@uEJ;2'!7O/-x'!7 @J=,M21J=E(''!7Ã$ﬀ@ :$587  ﬂﬁÍEx@$t@m=r@($-





























0E  &   '" (#OB














"$#!0E   
L
#   
3






ﬂ!ﬂ 0  2 +Lﬃ#&ﬃ %ﬂ#2#B













1. aL90  1.
H

















































































$6587­$5­$6FG'5D@ # 	 


































O=?5'<NP=?1A'b$rEm;­$FG')58@ # 	Í$6587,$6-x-=N@J;'> @J=r@($-ZB?9<;'5 +A






5= @J't@m;8$ﬀ@ﬀE;@J@g@k@V$}@J',@mM8$rE'4   &  Z \   Za\2#E$65 gK',*OEx'A'b7$@@J;'±M1J=7O/FE?@ﬃ=6N
 !   _ Z# $6587  	+\# <E;@J; $ 
W	 ﬂ7 bZK  Z 	 ﬂ#  \  
W	+\ ﬂ7u$587
 Za\  
 Z  \ ﬂB29<;'-0=E$6-^@J1($5@mE @mEx=G5±NP/5FE?@JEx=G5@%$61J'g$@
Ni=G-x-x=ﬀ<@Me

 ! .0E; ! . b\0E  _ Z2#B

 ! . Zq0E; ! . Z+\r06   Z#B

#. 0E;7. Zr0E 	+\#B

  .  \ 0;  . Za\ 0   \ #OB
+%-x@m=@m;':+9A'_A
Za\













M1m=GMK'1@mE0')@ME;@gEx@ﬀ=N2@m'55'-E'@J@($1C @m=­1J/-x'±=G/@ E'1@($Ex5ﬂE05U>85E;@J'tE(=?>,M/ @V$ﬀ@mEx=G5@$@J;K$ﬀ@
ExFG5=?1J'.'58$ﬀg2-0'b7tEm;=GENE(')@
NP=G1m'*G'1bBJ=?1AEx5@k@V$65FE('rOEx5$65,$@kC5oEJ;21J=G52=G/@<@kC@k@J'>]E(=?5@JEx@@YX






+OnM'#ﬀ?? ,%<LSﬁﬂ-% NP=G1 @J;2'g+9AK' 
	) 	1ﬂEx@<$ﬀ@J'@.=NzNZ$Ex1J5')@J@E(=?5DX





















H NP=G1CD$587®$5Ç$FG')58@ # 	,B<k'@V$ C@J;K$ﬀ@







=6N IÇEÐN @m;'1m':'uVE0@k@J@ﬃ$±@m'@JBA #@. 3b q0@J/FEm;O@m;8$ﬀ@ﬀ 3 O
3
#FBAZBK9<;'`@vA=




9<;2'&E(=?>,M/@($ﬀ@mE0=?5 IEx@ D+N+ZﬀW ﬂﬀonM EjNKNP=?1'!$rEm;®$FG')58@ $#  G'E;@m;'1 @J;'1m'
$61J'ﬀEx5D>85E;@J')- C±>$658C±M8=?@JE;@JEx=?5@<=N9I$}@<;ENEm;ÇEx@%5= @ }Xê')58$ﬀg-x'!7 8=?1@m;'1J',$61J'
Ex5D>K5E;@J'-;C:>$65DCﬃMK=G@mE @mEx=G5@<=6N I­$}@S<;ENEJ;­Ex@ﬀ}X @($ﬀjG')5zB






T<=ﬀ ?FGEx*?'5$.NZ$Ex1J5')@J@E(=?587OE;@JEx=G5ﬀ NP=?1 @m;'%+9A$587±$g@m'@   	 =N`$F?'5D@J@9D@J;'




NP=?14$6-0-Nê$Ex1m5'@J@$E(=G52@@J1($Ex5D@J@ %# ﬃB<T<= @J'@J;8$}@<NP=?1%'*?'1C®NZ$Ex1J5')@J@%E(=G5K7OE;@JEx=G5 $587

























=?5@JEy7O'1@J;2',+9A [Za\®Ni1J=G> AV8$6>,M-x'$:,$587 @J;'Nê$Ex1m5'@J@`E(=?587OE;@JEx=G5
\   !#<E;@J;@J;'Nê$Ex1m5'@J@ E(=G5@k@J1($Ex5D@  .& #0E @. Z 	#0  2  \   Za\2# #4.2
'<@JMK'-E(EÐN2C
=?5-;C%@J;'.5=G52'>,M@vC*G$-x/'@=6N`$.Nê$6E01m5'@m@ E(=?5@@m1V$6E05D@0B?+%-x-FE(=?>,M/@($ﬀ@mE0=?5@a=Nﬂ@m;'%+9A




 \  ﬂ#ﬂ!XiNê$Ex1
=G1MNP=G1




1E0@ nMg?Mo@J;'ÄNê$Ex1J52'@J@$E(=G5@k@J1($Ex5D@ÇE0@ Xê'5K$ﬀg-x'!7uB29<;O/@MKEx5­$Nê$Ex1E(=?>,M/@($ﬀ@mE0=?58 















































'ﬀ;8$b*G'1B.& $@0   >b!B. 0
@
@J;',$6FG'5D@''# 	 (  "$ #




HBSJ2=G1%$6-0-@@($ﬀ@J')@$#Í$6587®$-x-`$6FG'5D@m@ﬀ# 	 (  $ #%@J;8$}@4$61J'g5= @<'58$}g-x'!7®Ex5 :

',;8$b*?'KB.& :0    #B9<;8$ﬀ@gEx@9uEÐN@J;',$6FG'5D@ ­Ex@g5= @g'58$}g-x'!7@E;@ﬃ7O=O'@ﬀ5=r@
Ex58/2'5FE('%@m;'g@m/FEE('@m@J=?14@k@V$}@J'GB





































		 (  ﬂ$!# 1$ ﬂ# <;'1J'    ﬁ'ÍEx@g$ @J=r@($-@m1V$65@JE;@JEx=?5Å1m'-y$ﬀ@JEx=?58u$587
ae ; 	 (  0 #A>®$M@u'b$rEm;%@J1($5@mE;@JEx=G5%@m=4$65Ä$6FG'5D@bB!9<;2'5J ! .0E  +A[#
@
>.& +A)0





   &!
@
 # 	 (' ﬂ$ # #`<E;@J;Ô$ @J/1m5DXvg8$@m'!7Ô$6@CO5FEm;1J=?5=G/2@ﬃ+9ABu9<;':NZ$Ex1J5')@J@
E(=?587OE;@JEx=G5ﬀ
E(=?58@($Ex5@A$4Nê$Ex1J52'@J@SE(=G52@@J1($Ex5D@  ! NP=?1'!$rEm;®$FG')58@ ﬀ7OEj'1m'5D@Ni1J=G> "$(
<;ENEm;:'5@m/1J'@S@m;8$ﬀ@Q@J;'.@ Em;'!7O/2-0')1«7O=O'@
5= @5'F?-0' Eu@ ÄNP=?1J'*?'1!BDJ=?1$-x-@@($ﬀ@m'@ Q#) 

'<;8$b*G' &!B.& $ 0  >b!.0 #$6587NP=?1$6-x-8$F?'5D@J@ﬂ # 	 (  "$$#_.iM8=?@J@mE g2- C C :0#}A'
;8$b*?'  ! .& #0

B!9<;2'58$E(=?>,M/ @V$ﬀ@mEx=G5"IgEx@A'!$}jO- C !   "$!# ﬂ XPNê$6Ex1uEoj:'E;@J;2'1@J;'1m'

























































 %"#%$6587 	` ﬂ 	 		












































































































B. aL		  r06   aL?
H








   






























   
































   
























   





























 $0  
	





@m;8$ﬀ@ @J;'.'5O*OE01m=G5>±'5D@A7O=O'@<5= @ j?''M®@J')587OEx5FﬀE05oE(=G1m1J'-Eu@$rEkjO5=ﬀ<-x'!7OF?>,'5D@J@NP=?1J'*?'1M





   








A[."%ﬀ   












































9ﬁ = " 












































@J;2'g@@($587$61V7E05D@m'1JM1m'@V$}@JEx=G5B9a=ﬃ')*G$-x/8$ﬀ@m'4$ÄNP=G1m>:/-y$.=Ne@m;'.NP=G1m> ﬁﬂ ﬂ }$ﬀ@<$g@k@V$ﬀ@m'







"!$#B. W :0B29<;'58 @J;'ﬃ$65D@V$F?=G5Ex@k@EJ;2==?@J'@g$ﬀ@m/FEE('@m@J=?1 :=6N  @J/FEm;l@m;8$ﬀ@ 1#"!







B?9<;'%+9TNP=?1J>:/-y$  !ﬂ ﬂ Ã;=G-y7O@
$ﬀ@S@m;'g@k@V$ﬀ@m'ﬀgEÐNe@m;'gM1m=r@($FG=?5Ex@@
;8$@%$<Ex552E052Fﬃ@k@J1V$}@J'F C,Ex5@J;Ex@<FO$>,'?B
Z5­=?1V7O')1&@m=7O'?>85'@J;'ﬀ@J'>®$5D@JENE(@.=N+9T NP=G1m>$-x-;C:ﬀA' >81m@@g7O'u>852' @m;'ﬃ52=r@JEx=?5
=Nﬀ@@J1($ﬀ@m'FGEx'@bB&i
=?5@JEy7O'1­$65×+9A0- 






@J/FEm; @J;8$}@gNi=G1ﬃ$6-0-I # 
±$587Ã$-x- '#  

':;8$b*G'!B. I 0Q# B. & :0B9<;/2@M^@m;',@k@J1V$}@J'F C!±>®$M@.'!$rEm;=>85E;@m':M1J'u> V I 
=NA$E(=G>±M/@($ﬀ@JEx=?5`@J=,$@J'@.E05KB. & :0)BO9<;Ex@A@m'@&E(=?5D@V$Ex5@<MK=G@m@JE;g-x''uV@J'52@JEx=G5@.=N@J;'










%Bﬁ",% ?:=NÃNP1m=G>@m=gK'@J;'ﬀ@J'@W%Bﬁ#.& 0.=N<$-x- 1XE(=G>±M/@($ﬀ@JEx=?5@S@J;8$}@$@J;'
$F?'5D@J@aEx5




























k' E)$5Ç5=ﬀ @J/1m5@m=­$ﬀNP=?1J>$6-z7O'u>852E @mEx=G5­=6N @m;'ﬃ@m'>$65D@JENE(@%=6NA+9T Bk' <1JE;@J'
 
@










































  !ﬂ ﬂ CÃEojO@J;2'1J'ﬀ'uVEx@@J@g$@J'@
Ô=6NA@@m1V$ﬀ@m'FGEx'@9K=G5'NP=G1<'b$rEm; $6FG'5D@.E05 
@m/FEm;l@J;8$}@








  !ﬂ ﬂﬃ C×Ej@m;'1J':'?VEx@k@J@g$:@m'@
  =6N@k@J1($ﬀ@J')FGEx'@M=G5'Ni=G1%'b$rEm; $6FG'5D@.E05 














Ej @m;'1m','uVEx@@m@,$®@J'@  =6N%@@m1V$ﬀ@m'FGEx'@9a=G5'NP=G1'!$rEm;$6FG'5D@
Ex5K@J/FEm;O@J;K$ﬀ@.NP=G1g$6-0-E(=?>,M/ @V$ﬀ@mEx=G5@ I # %Bﬁ9.& 0b@J;')1J','?VEx@k@J@g$±M8=?@JE;@JEx=G5















  !ﬂ ﬂ C×EjÔNi=G1g'!$ Em;Ô$FG')58@ %# 
















/8$658@mEs>8'1h3 3 6 6"KNi=G1ﬃ$®@m'@Õ=6N4$FG')58@m@!B1k×;Ex-x' @m;',+T9TÃNP=G1m>:/-y$  ﬁ
ﬂ ﬂ 
Ex5D@J/E;@mE0*?'-;C>,'!$65@t@m;8$ﬀ@ @J;'$F?'5D@J@±E05  E$65 E(=O=?M8'1($ﬀ@m'@m=Ô>$}jG'  @J1J/2' .!@J;'C
E$65 J'5ONi=G1 E'ﬃ F0#@m;'­7O/8$6-
NP=G1m>:/-y$I3 3  6 6! >,'!$65@@J;8$}@`@J;'­$F?'5D@J@:Ex5  E)$55= @
E(=O=?M8'1($ﬀ@m't@J=È>$ﬀj?' }Nê$6-0@m'W.2@m;'C E$655=r@ V$b*G=?Ey7d0)B@JEx5Fl@m;',MK$ﬀ@J;
2
/8$65D@JEs>8'1
3 3'6 6"ﬀA'%E$65t<1mE @m'r?NP=?1A$g@m'@ Î=N`$F?'5D@J@<$587±$5±+9T±NP=?1J>:/-y$C D@m;'+9T±NP=?1J>:/-y$
3 3 6 6 CNi=G1S@J;2'g+9TÈNP=?1J>:/-y$
  ﬁ
ﬂ ﬂ FCD@3 3  6 6 CÈNP=G1   ﬁﬂ ﬂ"G dC 8$5K7I3 3  6 6 G>CÈNP=G1
  ﬁ





@($ C%@J;8$}@@J;2'4$F?'5D@J@Ex5 E)$5I7#nM%,S@m;'<@J'@Ô=6N E=G>,M2/@V$}@JEx=G5@aEÐND%Bﬁ#.& 0 
NP=?1A@m=G>±'<@J'@ =Na@@m1V$ﬀ@m'FGEx'@








×=6N«@k@J1V$}@J'F?Ex'@gNi=G1$@J;',$6FG'5D@m@gEx5ﬃB^iN@m;',$F?'5D@J@gEx5  E)$5'5ONi=G1 E'$±@J'@¨=N







 3 3 	 (
 6 6!Bu9<;'E=G5O*G'1m@J'±=N@J;2E0@@@V$}@J'>±'5D@ﬃEx@g52=r@g5' E('@J@($1mE0-;CO@m1J/'GB




#   "%> 	#2# $65870B.& #0)
 2 
3
 "%"#   
H
	"# #:`$6@J@m/>,Ex5FÇ'!$rEm;ﬂ@@($ﬀ@m' b3@($ﬀ@JEx@Y>8'@t@m;'®M1J=?M8=?@JE;@JEx=?5  3g$587Ã5=
= @J;'1ﬀM1m=GMK=G@JE;@mE0=?5@!B9<;'5  
@









































:?BDk};'5'*?'1 @J;'$@J1($Ex5:Ex@=G/ @=Nﬂ@m;'%FO$ﬀ@J'$587:7=')@A5= @;8$b*?'4$F?1V$5D@@m=g'5D@J')1S@J;'
FO$ﬀ@m'rD@J;'E(=G5D@J1m=G-x-x'1E$65M21J'*?'5D@%E;@Ni1J=G>Ø'5D@J'1mE052Ft@J;2'4FO$ﬀ@m'GB
  ﬂ ﬂ .".ﬃ &     ( 0E  ﬃ$#) ﬂ ﬂ      0
(
BDk};'5'*?'1S@J;2'&@m1V$6E05±Ex@A=?/@A=6Nﬂ@J;'FO$ﬀ@J'BD@J;'$E(=G5D@J1m=G-x-x'1SE$552=r@
NP=?1 E('.E @ @J=ﬀ'5D@J')1
@m;'F$}@J'GB
  ﬂ ﬂﬃ.ﬃ   B 3 3 $#)#6 6    0
H2BDk};'5'*?'1S@J;2'@J1($Ex5:Ex@=G/ @A=6Nﬂ@J;'.F$ﬀ@m'r @J;'b@J1V$6Ex5,$587+@J;'$E(=G5D@J1m=G-x-x'1SE$5tE(=O=?MDX
')1V$ﬀ@m'g@J=`@m;'$@J1($Ex5<E0-x-K'5D@J'1b@J;'F$ﬀ@m'GB




')58@m'1JEx5F @J;'ﬀF$}@J'rKEx5<;ENEm;E$@m' @m;' E(=?5D@J1J=?-x-0')147O'-EEf7'@%<;'@m;'1$@J;2'ﬃF?1V$5D@<Ex@
F?Ex*G'5±=G1<5= @!B





















@J;2'@m1V$6E05ÃEx@ $6- <$ CO@g=G/ @ﬃ=6N@J;'®F$}@J'r@m;'@vA=È+9TﬂNi=G1J>:/2-f$6@FG/8$61V$5D@m''t@m;8$ﬀ@:5=
>$}@@m'1g;=ﬀ @J;2'`@J1V$6Ex5Og8';K$b*G'@9@J;'tE(=?5D@J1J=?-x-0')1 E$5ÃM1J')*G'5D@ﬀE @ÄNP1J=?> '5D@J')1JEx5F=@J;'
F$}@J'rO$5K7:5=g>®$ﬀ@k@J'1;2=ﬀ @m;'&E=G5D@J1m=G-x-x'1gK';8$b*G')@MD@J;2'@J1($Ex5tE$657O'-EEf7'&@m=g@@($ Cﬃ=?/@





EW.ﬃ   B J

















Ejl@J;'$FG')58@m@AEx5 	(  E)$55= @A$b*G=?Ey74B9<;2'1J'(Ni=G1J'BONP=?1A$-x-K@@V$}@J'@ =6N`$ @J/1m5DXvg8$@m'!7
@CO5FEm;1m=G5=?/@%+T9A@ 
@
  !ﬂ ﬂ ﬂEj 
@
U3 3 	 (*6 6 O=?1<'
2





@J')>,MK=G1V$6-A=?M8')1V$ﬀ@m=G1(ÎNP1m=G> G e !ﬂ ﬂﬃDC  3 3 	 (
6 6 CH  3 3  6 6-G

















/8$5D@mE >K'1J@9e  ﬂ ﬂ" 3 3 6 6«$6587  &ﬂ ﬂ" 3 3 	6 6JBK9<;'5Ã'!$rEm;





0=Nz=?/@ E(=?>,'@ E(=G5D@V$6Ex5@A$-x- 1XE(=G>±M/@V$}@JEx=G52@!B+$EE(=G1(7OEx5FG-;C:ﬀ@J;2'<M8$ﬀ@m;
2
/K$5D@JEsX












/8$658@mEs>8'1  	 ﬂ ﬂ#O$5K74EﬀNP=G1@m;'AMK$ﬀ@J;
2
/8$5D@mE >K'1_3 3 	 6 6JB9<;Ex@aEx@egK'-E$6/@J'BO1J'FO$1V7E052F_J 
$6-0-z$6FG'5D@m@&E$650E==?M8')1V$ﬀ@m' @m=:'5ONP=?1 E(':$`E(=?587OE;@JEx=G5ﬂEj@m;'1J'ﬀ'uVEx@@m@4$`E(=?>,M/@($ﬀ@mE0=?5

















$6@ﬃ+9T Bz9<;2',Ni=G1J>:/2-f$6@%=6N JK$Ex1vXZ+9T×$61J',Ex5D@J')1JM1m'@J'!7 =*G'1:$5Ã+9A1 $®Nê$6Ex1J5'@m@




.ﬂJ@@($ﬀ@m' nM #oZ®@($ﬀ@JEx@Y>8'@ﬀNP=?1J>:/-y$hCÎEx5O@m;',@k@J1J/oEu@J/1m') <E;@J;1m'@JMK'-Eu@ @J=®Nê$6Ex1J5'@m@
























  !ﬂ ﬂﬃ C×Ej@m;'1J':'?VEx@k@J@g$:@m'@
ﬂ=6N@k@J1($ﬀ@J')FGEx'@M=G5'Ni=G1%'b$rEm; $6FG'5D@.E05 
@m/FEm;`@J;8$}@zNi=G1$-x- 















Ex5KT@J/FEm; @m;8$ﬀ@ﬀNi=G1:$-x-ﬀC 	 (ﬂ!XiNê$6E01tE=G>,M2/@V$}@JEx=G5@$I`# %Bﬁ#. & 0@m;'1m'





















=?5-;C<E;@J;g1m'@JMK'-Eu@ @J=b@J;'<$F?'5D@J@aEx5 	'( ﬃBb9a=<@J')'S<;8C:= g@J')1J*G'S@m;8$ﬀ@=G5FE'  E(=?58@($Ex5@






E$65®'5ONP=?1 E(' E=G>,M2/@V$}@JEx=G5@ @J;K$ﬀ@4$61J'5= @ﬀC	ﬂ!XiNê$6E01bBO9<;'ﬃ$}g8=*?'Ä7'u>85E;@JEx=?5 $6@J@m/1J'@



















































E(=O=GMK'1($ﬀ@JEx=?5%g8'1@vA'')5 @m;'@J1($Ex5g$587 @J;' E=G5D@J1m=G-x-x'1uEx@z@@mEx-0-1m'
2
/Ex1J'!7'@J=<')58@m'1@J;'TF$ﬀ@m'r


























































































 <BT+%@ <E @m;ﬂ+9TdQA'­/2@J'=@J;'
7O/8$6-<M8$ﬀ@m;
2
/8$5D@JEs>8')13 3 6 6     ﬁ
ﬂ ﬂ  $6587O@m;'$}gg1J')*Ey$}@JEx=G5@ JF   	ﬂ ﬂ:$587
E  3 3 	46 6JB29<;':-x=GFGENE.+9T E$65gK'ﬃ*OEx'
'!7Ç$@$@J;'ﬀNi1V$F?>,'5D@<=6NA+9T[ @J;K$ﬀ@%E(=G52@JEx@@m@

























ﬂ ﬂ ¨Ej @J;')1J','?VEx@k@J@:$,@m'@}=N<@@J1($ﬀ@m'FGEx'@9z=?5'ﬀNP=G1'!$rEm;Ô$F?'5D@gEx5  
@m/FEm;l@J;8$}@






























































  ﬂ ﬂ.i.ﬃG   ﬂﬁ0

. DG  (ﬂ0"0

































Z587''!7@KNi=G1$@J;' >85E;@m':1J'!$ EJ;K$ﬀgEx-xE;@vCFO$>±'@%$587ÈFG')5'1V$6-xE0D)'!7 /oEJ;2EF$6>,'@.=NA+9TF
E;@
@J/:QE(')@@J=`E(=?5@JEy7O'1 /7 %#Z9on#<@k@J1V$}@J'F?Ex'@ 35A
G G
6"r<;2EmEm;lE$65gK'Ex>,M-x'>±'5D@J'!7
$6@&E(=?58@m1J=?-z>$6M@4.PEZB 'GBSFE=G5D@J1m=G-x-x'1J@b<E @m;=G/ @<@@V$}@J'M0)Bu9<;Ex@%Ex@.5=r@S@m;' E)$@J'NP=?1<+9T[<
















&,ﬀN:*$% 7)7ÎNP=G1a+9T±$@kj@9GF?Ex*G'5ﬃ$65ﬃ+T9AJ' ]	) 	K1ﬂ$587
















9<;2'<NP/5oEu@JEx=G5   B <;'5±FGEx*G'5®$5:+9TNP=G1m>:/-y$C G1m'@J/21J5@%$
2
/')/'   .ﬂC(0=6N



















@k@V$}@J'@9A1m'@J/21J5@ @J;'­@m'@E=G5D@V$6E052E052FÅ$-x-<@@($ﬀ@m'@È@J/FEm; @m;8$ﬀ@`<;2'5'*?'1  Ex@:Ex5





Ni=G1<'!$ EJ;®@k@V$ﬀ@m' +A_# (
!+* 
"!:EÐN +AzEx@%$ﬀ@J/FE1E('@J@m=G1
































































































































































































	) 	1ﬂ#$Nê$Ex1m5'@J@E(=?587OE;@JEx=?5 îNP=?1  G$5K7ﬃ$bJ8$6E01YXê+T9TNP=G1m>:/-y$C 
E(=?>,M/ @J'$@J;'ﬀ@J'1@/35C 6  ×=N@k@V$ﬀ@m'@g=6N  @J;8$}@%NZ$Ex1J-;C,@($ﬀ@mE0@ËN2C`C4<E @m;­1J')@JMK'-Eu@@J= ﬀB
k'
/@m'@J;'l
'!$}jE05D@m'1JM1m'@V$}@JEx=G5 NP=G1  
@J;'=E$@m'=6Ng@@J1m=G5FÇNZ$Ex1J5')@J@tE(=?5@@m1V$Ex5D@J@tE)$5







Ex587OENE$}@J'Ni=G1%'b$rEm;Å$F?'5D@ 4# 	 $5K7®'!$rEm;ÈNê$Ex1m5'@J@%E(=?5@@m1V$6E05D@ 8o<;'@m;'1g=?1%5= @
Ex@'}Xê'5K$ﬀg-x'!7@$587<;'@m;'1g=?1g5=r@ Ex@'}X @($ﬀjG')5zBﬂJ2=G1$@J;Ex@M/1mM8=?@J'r
',7O'u>85'`@m;'
+9A  D ]	  	  9  9   ﬂ#e

J2=G1±'*G'1kC $6FG'5D@(`# 	 $5K7ﬂ'*G')1CﬂNê$6Ex1J5'@m@lE(=G5@k@J1($Ex5D@ ^#   @J;')1J'ÇE0@­$
5'1ÍM1J=?M8=?@JE;@JEx=?5 W [ 	     ﬂg$6587$®5'1ÍM1J=?M8=?@JE;@JEx=?5 W [#'   ﬂ#e	   
	

.  ﬁ	 ﬁ  	(   W#' 	%#+0B






J2=G1u'*?'1C@k@V$ﬀ@m' & +Aﬁﬂ #4
 
$6587.'*G'1kCg$FG')58@ # 	h @J;2'e@m1V$65@JE;@JEx=?52
 
.&+Aﬁﬂb :0
Ex@%= g@V$6Ex5'!7±NP1m=G> B.+A  q0 gDC®1J')M-y$rE(Ex5F±'!$rEm;­@k@V$ﬀ@m' +ARAa$MMK'!$61JEx5F,Ex5)B.+A  :0SgDC




#   "%ﬂ# #qD@m;'5




ﬂ #   aL?"% ﬂ # #
"





   . & +A ﬂi0G 1.0







 W [ﬂﬃ 	 ﬂ
@
@J;2'1J'g'?VEx@k@J@ 2A #  .& q0
@m/FEm;l@J;K$ﬀ@+A #)BA#
"
Z5D@J/2E @mEx*G'-;C:z$­@k@V$}@J'®=N$@J;'±NP=?1J>  & +AﬁﬂgEx5F
 
E(=G1m1J'@mM8=?587O@ @J=O@J;2',+9A gK'Ex5F
Ex5Ç@@V$}@J'  <E;@J;=@J;',$6FG'5D@m@ﬃ7O'-E(Ey7OEx5F@m;8$ﬀ@%@m;':@J/oEE('@m@J=G1:=6N +<Ex-0-gK'+AZBu9<;')1J',Ex@
$±=G52'uX @m=ﬀXZ=G5'`E(=?1J1J')@JMK=G587O')5FE('g8'1@vA'')5 E(=?>,M/@($ﬀ@mE0=?5@<=N Î$5871
 
$587g8'1@vA'')5














     nM7oZ ?M+ﬁﬃS?ﬁ%Dﬀ? ﬁ =
	8ﬀ `nM%#:)
 ﬁ
ﬂ ﬂ  FSﬁ-=`?ﬂ$
&,ﬀﬁﬁ"% ﬁ-=
n9#<??h,&%'L ﬁﬃ-%'   OnM%hB,= 9*r#ﬁ  # ﬁ =7&
ﬀb+ ?&ﬁ ?_>?MﬁW"!Q#)B.& :0? 
,= ﬁ =+ﬁnM%'_7p+7#Z4? 














G  .W [		(    ﬂ! W [#' 	 ﬂ"0i0
"
9<;Ex@:M1m=GMK=G@JE;@mE0=?51J'!7/FE('@J8$6E01YXê+T9Tﬂ>,=7O'-SEm;'-EkjOEx5F@m= $È@JMK'-E(Ey$6-&E$6@J'®=N+9T[







@J;2':NP=?-0-x=ﬀ<Ex5F:FO$>,'=G5O@J;2':@@J1m/FEu@m/1J'J   B@k×;'5Ô$ @@V$}@J':-y$ﬀgK'-x'!7=gDC ÅEx@g*OEx@JE;@m'!7@
@J;2'%M1m=r@V$6FG=?5Ex@@<Ex5@!BﬀiNﬂ@m;'<F$6>,' E=G5D@JEx5O/'@TNP=G1m'*G')1M @J;'5`@m;'%M21J=r@($F?=G5Ex@@<Ex5@Ej
@J;2'ﬃ1m'@J/-;@mE052FE(=?>,M/@($ﬀ@mE0=?5,Ex@%52=r@S
'!$ﬀjO-;C C	 (ﬂ XPNZ$Ex1!B29<;'%<Ex55Ex5FtE(=?587OE;@JEx=?5
NP=?1S@J;'g$5D@($FG=?5Ex@@SE$5@J;'1m'(NP=?1J'%gK'@JMK'-E(Es>8'!7gDC`@J;' T9T®NP=?1J>:/-y$
.      

*= !+*ﬀ,  
G .  W [ 	     ﬂ

_ [ﬂﬃ 	 ﬂi0"0
"
9<;Ex@<Ex@%$gF?'5'1($-xExD'!7 /FEm;EE(=G587E @mEx=G5zBO9<;'@m'@%=6Ne<Ex55Ex5Fﬀ@@($ﬀ@J')@%Ex5®@J/FEm;­$ﬀF$6>,'
E$65 gK'E(=?>,M/@m'!7ﬂ/@mEx5FÔ5')@@J'b7 >V'!7}MK=GEx5D@J@!BT9a=Ô=rg @V$Ex5×$5Î$-xFG=?1JE;@J;> NP=G1 @J;Ex@































/'5D@m- C:@J;',$6-0F?=G1mE @m;> =6N JExFG/21J'WlE(=?>,M/ @J'@%@m;',@m'@	


ﬂ   =6N <Ex55Ex5F
@@($ﬀ@m'@gNi=G1%@m;':M1J= @V$6FG=G52E0@k@!Bu9<;2'ﬀNP/5FEu@mEx=G5+D&  ÎE0@-0E;j?'D&B^g2/@g=GMK'1($ﬀ@J')@ﬃ=?5O@J;'





















































































































































	  	 ﬃbﬃﬂ	vﬁ
k'
>,'!$6@J/1m'@J;'E=G>,M2-0'?VE;@vC.=NF@m;'A>±=7O'-sXYEm;' EjOEx5F<M1m=rg-x'> Ex5%@vA=7OEj')1J'5D@<$ CO@Me


























1= /%9Lr75&,ﬀ=,ﬀN+ :*D$<&% 7)7HnM%'  `S?I   UF&,&%'$<)ﬀﬁ[  <L ,
!?M%p+LY ﬁﬃ  .	M0 nM% '   dSﬁ =
 ﬁﬂ&':?#Sﬁﬃ %:?_'LW hn9%#:) %ﬂn
S#:*9ﬁ =ﬀX 1=









GB(k'E-f$6Ex> @m;8$ﬀ@@J;2' $6-xFG=G1mE;@J;> M1m'@J'5D@m'!7×Ex5 JzExF?/1J'H=E$5 gK'®E0>±M-x'>,')58@m'!7ÈE05
@mE0>±' .70)Bu9a=,@m''`@J;Ex@98= g@J')1J*G'`@m;8$ﬀ@$@m;'ﬃ@mExD'ﬃ=6NK   B.ﬂC 0.Ex@gK=G/2587O'!7=gDCrz$587







: 6"8$6587lE$65gK'ﬃ@mM8' E(Es>8'!7Ç/@mE052Ft@J;2'%>V'!7È+9TÈNP=?1J>:/-y$   ﬂ ﬂiG ÇE05D@m'1JM1m'@J'b7
=*?'1A$'@J/1m5DX gK$@J'b7,@kCO5FEm;1J=?5=G/@








































1=R/%9Lr75&,ﬀ=,ﬀN+ :*I$<&% 7)7 n9% 	 ' XS?  /Ud&,%!$Sﬁ" 
'LW,&' 4?M%'op&L  ﬁﬃ  .,HuH )HM0dn9%K nM    dSﬁ = ﬁﬂ&':?#Sﬁﬂ-%:?K'L 
+*'7:ﬁ ?   'D+N n9#<??_,%:?ﬁﬂ&':ﬁ ?  'L    nM%#:) %ﬂn ?ﬀ +7ﬀX 1= ?ﬁﬂ 
,ﬁ :&























Nê$6E01m5'@m@tE(=G5@k@J1($Ex5D@ ×$5K7Ç'!$rEm;×$F?'5D@ﬁ #  aE05U>85E;@J'-;CÇ=N2@m'5$È@@($ﬀ@m',@V$}@JEx@ZN!CEx5F
_ [ﬂﬃ 	 ﬂ





M/@($ﬀ@mE0=?5g=N^JzExF?/1J'bWq0#1@J;'SE(=?@@a=N8M21J=E('@m@JEx5Fﬃ$ @J'>±M8=?1V$-DE(=G525'-Eu@mE0*?'AEx@  .,HuH H90B
9<;Ex@ E(=?5FE(-x/87O')@ @m;'</MMK'1 g8=?/587uBrAE05oE('S@J;'.>,=7O'-sXEm;'-EkjOE052F%M1m=rg-x'> NP=G1+T9T,Ex@A$































6JBO9<;'%E(=?>,M/@($ﬀ@mE0=?58$-x-;Cﬃ7OEQE(/2- @SE$6@J' E(=?1J1m'@JMK=G587@&@m=ﬃ')*G$-x/8$ﬀ@mEx5F $
@@($ﬀ@m'®NP=G1m>:/-y$±=N@J;2',Ni=G1J> J aNi=G1:$5 T9TﬂNP=?1J>:/-y$&<Ba9<;'®@J=?-0/ @JEx=G5ÃE0@@J=OE(=?5DX
@@m1J/FE?@,$ /FEm;E<$/@m=G>$}@J=?5











Em;'-EkjOEx5FÅ1m' 8'-E?@J@t@m;'E=G@@:=6N@J1($5@m-f$}@JEx5FT9TÃNP=G1m>:/-y$@b@J= XJ$/@m=G>$}@V$2B^Z5 E$@m'























 # '#®=N@@J1($ﬀ@m'FGEx'@ﬀNP=?1 @m;'­$F?'5D@J@:Ex5ﬃBJ2=G1:$­@k@V$}@J' ®=N6 Q@J;'
@J'1@I%Bﬁ#.& 0=6N1XYE=G>,M2/@V$}@JEx=G5@Ex@NP/2@JEx=G5DXE(-x=G@m'!7@z$6587=@J;2'1J'(Ni=G1J'®Ex587O/oE('@:$@J1m''
ﬀb','.& 0)BﬀZ5D@J/E;@mE0*?'-;Cq @m;'S@J1m''hbr,9.&d0aEx@`= g@V$6Ex5'!7gDCﬃ/258<Ex587E052F2È@@($1k@JEx5F














@m;'@J/FEE'@J@m=G15=7O'@4.vEJ;2E0-y7O1m'50=N I  +Az$1J'g$6-0-u@k@J1mE052FG@





. I  +A0B
+ @J1m'' %Ex@g$ & 
ﬂ&ﬀb',$Bﬁﬃ-%'aﬁﬃgEÐN @m;'1m':'uVE0@k@J@g$±@J'@ ﬂ=6NA@@m1V$ﬀ@m'FGEx'@9z=?5'NP=G1




1=a %9Lr75&,ﬀ=,N:*W$% 7)7 n9%  D[  ? 	?U   /Ud&,%!$Sﬁ" 
7p+7 >ﬁ-=
 ?ﬂ$
&,7-',+?7!%ﬂnFﬁ:#&+?M&L_?ﬀZ<,=:&%<%B?    X 1=
 ?ﬁﬂ 
,ﬁ :&,%!$SbSﬁﬂZ








'-y$ﬀgK'-G'!$ Em;4@k@V$}@J' =6N  gDC4$6-x-@@V$}@J'
@J/gNP=G1m>:/-y$@=6NC+@J;8$}@
$61J'










68$@NP=G-x-x=ﬀ<@!BT'@DC_A   !ﬂ ﬂ  

















































ﬂ!XZ'uV'-E(/@mE0=?5l@J1m''@g@($ﬀ@mE0@ËN2COEx5F E <BuC<'5FE'r 
@
  !ﬂ ﬂ }Eoj=@J;'ﬀM1J=7O/oEu@g$/@m=G>$ X
@m=G5:Ex@A52=G5'>±M@vCOB!9<;2'%5=?5'>,M @JEx5'@m@AM1m=rg-x'> NP=?1A$g#.$ﬀgEx5`@J1m''g$/@m=G>®$ﬀ@J=?5%<E;@J;









































































@m=G>,'.@@($ﬀ@J'=N Ã@($ﬀ@JEx@Y>8'@  	 ﬂ ﬂ <B
Z5D@J/2E @mEx*G'-;C:G$g@k@V$}@J'g=6N O@m;8$ﬀ@
















ﬁ  0"#& 7.
(









ﬁ  "#0ﬁ .
(

ﬁ  "0"#0 ﬂb
<;')1J'NP=G1'*?'1Cﬀ 	Ho
'ﬃ;K$b*G'J1. ﬁ" 0 ﬂ"0 `1.ﬂ" ﬂi0 ﬃ (1.ﬂ" 0 ﬂi0   	"#:























































































9<;'NP=G1m>:/-y$@<=N@m;':-x=GF?EmE+&hi . 45ﬁ"#79ﬁﬂ:*9ﬂﬁﬃ /bz(D'),$q B?[0$1J'tE=G5@k@J1J/oEu@J'!7

















































',/@m't@J;2'7O/8$6- 3 3 6 6 C    ﬁﬂ ﬂ dC a$587 @J;'
















































  ﬂ ﬂ   0uEx@u5=r@bB









































































.  !ﬂ ﬂ C 0

.d01  # 
@

































































































































/2E0*G$6-x'5D@ @m= @m;'g+9T NP=G1m>:/-y$ ﬁﬂ ﬂ  

OB

















  aS?/%'&ﬀb&$<&ﬀ?&?#pFﬁ =  8[ X 1=
5ﬁ"7#9ﬁﬂ-%':on#&<n#9*/7:ﬁ








<E;@J;  ﬁﬂ ﬂ 1J')M-y$rE(Ex5FhJ B














































































0!  !ﬂ ﬂ

0i0B










NP=?1J>:/-y$@TE05@m;'$zoXYE$6-NE(/-x/@<Ex@<;8$1(7®$-x1J'!$?7DC,Ex5 @J;' E=G5D@J'uV@.=N E-0=?@J'!7 @CO@@m'>,@9$587
Ex5:M1V$ Eu@JENE('B7O')@JExFG5')1J@<$b*G=GEy7$@m;'%52=G5Ex5D@J/E;@mE0*?'/@m'%=No>V'!7ﬀMK=GEx5D@J@$5K7ﬀM1J'(Ni'1A@mEx>,M-x'


































1= /%9Lr75&,ﬀ=,ﬀN+*$<&% 7)7XnM% ﬁ =`'5ﬁ"#79ﬁﬂ-%on#&!n#&+*+ 7:ﬁ/%ﬂn
   ,&'!?M%p+L> ﬁﬂ   .70(n9%_'   .d ﬁ-= ﬁﬂ&':?#Sﬁﬂ-%:?_'L FnM%#:)
%[n4?#,+M ﬀX 1=
 /%9Lr75&,ﬀ=,ﬀN+ :* $% 7)7 nM%'    , >?M%opL Wﬁﬂ/ /. 
O
3#0
nM%'    dSﬁ =















Ex5$=<$ C@JEx>±E0-y$61%@J=O@m;'«$ CEx5 <;ENEm;+$hliØ'uV@J'587@t@J;2'lzoXYE)$-NE(/-x/@bB9<;'±NP=?1vX













 [  ﬂ ﬂ

E(=G1m1J'@mM8=?587O@`@J= @J;2':NP=?1J>:/-y$ [. 
















/8$5D@mE >K'1  ﬁ
ﬂ ﬂ >81m@@@k@JExM/-y$ﬀ@m'@@J;' ﬀb+S?ﬁ"#<,&T=6N8@@m1V$ﬀ@m'FGEx'@









/8$65D@JEs>8'1m@M@($ CqgDCO<1mE @mEx5F J J 
"
E
Ex5@k@J'!$?7,=6N  !ﬂ ﬂ4.i1J'!$?7J J Ö$6@ @m;'1J''uVE0@k@%@k@J1V$}@J'F?Ex'@<NP=?1S@J;'g$6FG'5D@J@.Ex5ﬀq0)B9<;')58


































































































































B:k'S<1mE @m'  
@
 @J=gEx587OENE$}@J'





'uV'-E(/ @JEx=G54@J1J')' Ä=6N @m;':@@m1J/FE?@J/1m'2 .i5=r@m'`@J;8$}@E05=@J;2E0@E$@m'r6IÇEx@ﬃ$E(=?>,M/ @V$ﬀ@mEx=G5
=N6(0)B^iNﬂ%Ex@g$5È'uV'-E(/@mE0=?5O@J1m'':=N6 z$6587)IÇEx@g$:5=7O'ﬀ=N Mo
' <1mE @m' #. I0NP=?1$@J;'










































































































T Ex@®@@m/87OEx'!7}Ex5  %ML:)H,ﬀ=,N:*W3wLV$f
B
6JB
9<;'1m'rK=G5'E(=G5@mEy7O'1J@NP=G1m>:/-y$@=6N@J;'Ni=G1J> J J 
"






















































1= /%9Lr75&,ﬀ=,ﬀN+*$% 7)7fn9%   S? 	U    /Ud&,%'$<)ﬀﬁ[ X 1=
?ﬁﬂ 






















1m'@J/-;@Ex@52'F$}@JEx*G're}A'<@m;=ﬀ @J;8$}@@J;'<+T9T,>±=7O'-sXYEm;' EjOEx5FM1m=rg-x'> E0@T/587O'-EEf72$ﬀg-x'





















 # 	 #@m;8$ﬀ@`E(=G5D@($Ex5@ﬀ@J'@m@ 	1!  	 =N4M21J=GMK=G@mE;@JEx=G5@9z=?5':Ni=G1ﬀ'!$rEm;







































 ﬂ?ﬁ[ #S<EÐNW1.0 ( !B. 0E;1.+A0 (6[!B.+A0 
r@m;8$ﬀ@Ex@9 $5K7 +Au$FG1m''%=?5,$-x-M1m=GMK=G@mE @mEx=G5@
@m;8$ﬀ@E$655=r@T=rg@m'1J*?'GB:k'A1m'
2
/Ex1J'b@J;8$}@ @m;'S@J1($5@mE @mEx=G5ﬀNP/5oEu@JEx=G5:=6N$E$65:E05 8/'5FE'





























0 ,$6587K ! .
3
0E; ! . 
H









@J/FEm;l@m;8$ﬀ@  ! .+A
3

















',7O'u>85'`@m;'ﬀ1J'-y$ﬀ@mEx=G5  ! "!ﬁ"!@J/FEm;=@J;8$}@ B!. 	A-0.EjNP=G1$5DCÅ$6587Å$6-x- }X












































































































































9<;'g+T9T®NP=?1J>:/-y$4CEx@'D7gonM%# L'<E @m;®1J'@mM8'-E?@&@m= @m;'g= g@J'1m*G$ﬀgEx-xE;@vCﬃ*?'-Eu@m=G1  EÐN
@J;2'NP=G-x-x=ﬀ<Ex5F$@vA=tE=G587OE;@mE0=?5@
;=G-y7@e
:?B J2=G1a'*?'1Cﬀ@J/ gONP=G1m>:/-y$<=6N C®=6N6@m;'
NP=?1J>  ﬁ


























T<= @J'$@J;K$ﬀ@EÐNﬂ@J;2'%Ni=G1J>:/2-f$  !ﬂ ﬂ ÃEx@ 


























'A;K$b*G'  ! . 	
A
0B69<;/2@Mﬀ@m;'<@@m1V$ﬀ@m'FrC
 ! >$M2@%'!$ EJ; }Xê*OEx' =N«$+>85E;@m' E(=?>,M/ @V$ﬀ@mEx=G5®M1J'?>V@J=@m;'}Xê*OEx'¨=N%$:MK=G@m@JE;g-x'
@m/FEE('@m@J=?1<@@V$}@J'GB
{
Ex*G')5 $.@@($ﬀ@m'B#) G$Ä@J'@   	 =Nz$FG')58@m@MO$587ﬀ$@m'@     !
@







Ex5Å$65 %rﬁ",% ﬀEx5f%Bﬁ#. &  0.EÐN  L  ,$6587 NP=G1$-x-aM8=?@JE;@JEx=G52@ M N KKEjN 1. 3 02#  
@m;'5  ! . 3PO
3
0E  ! .  ! . I13IK



























,N:*$<&% #S# nM%'   FSﬁ-= ,%'$<)ﬀﬁ[!#n9%# 9ﬁﬂ-%
S?




9<;'®=G/@uE(=G>±':M1J= g-x'> Ni=G1ﬀ>:/-;@JEsXêM2-f$ C?'1F$6>,'@%<E;@m;Ex5FE=G>,M2-0'1@J':Ex5ONP=?1vX








































1= /%9Lr75&,ﬀ=,ﬀN+* $<&% #S# nM%'?#:*)ﬀ&9*r#ﬁ   d ﬁ-= ,%!$Sﬁ"
7nM%# 9ﬁﬂ-%'`S?BU   /Ud&,%!$Sﬁ"bX 1= ?&ﬁﬂ 
,ﬀﬁ:& ,%!$SbSﬁﬂZh%ﬂn>ﬁ-=
$<&% 7)7 S?
'5?M%'U    /Ud&,%'$<)ﬀﬁ[ Y7p#  ﬁ-=
 ?ﬃ$








] ﬀﬂa$6587:$5:+9TNP=?1J>:/-y$!CD}A'-x-2NP=G1m>,'!7 <E @m;:1J'@mM8' Eu@S@J= YﬀA'<-y$}g8'-o@J;2'<@@V$}@J'@
=6N2 gDC@m/gONP=?1J>:/-y$@=N C a@k@V$1k@JEx5FÔ$6@:/@J/8$6-
NP1J=?> @J;2'Ex552'1J>±=G@@ﬀ@J/ gONP=G1m>:/-y$@bB
AOEx5FE'_CÈE0@QA'-x-sXiNP=G1m>,'!7'<E;@J;:1J')@JMK'-Eu@S@J=  bNi=G1'!$ Em;,@J/ gONP=G1m>:/-y$<=6Nﬂ@J;'NP=G1m>   ﬂ ﬂ 
@m;'g$FG')58@ﬀ E$5®= g@J'1m*G'ﬃ$6-x-8-y$ﬀgK'-x@S@J;K$ﬀ@E(=?1J1J')@JMK=G587@m=:@J/gNP=G1m>:/-y$@=6N   ﬂ ﬂ u$587

':1J'(Ni'1 @m=@J;'@m'®-f$}g8')-0@g$6@g=rg@m'1J*G$}g-x':M1J=?M8=?@JE;@JEx=?5@!BJ=?1@J/gONi=G1J>:/2-f$6@%F?'5'1($ﬀ@J'b7
gDCt@m;'ﬀ1J/-x'@ . A :
(
0# @J;'ﬀ-y$ﬀgK'-xE052F:M1J=E('!7/1J':Ex@%@k@J1($ExFG;D@ZNi=G1<$1(7uBFJ2=G1<@m/gONP=?1J>:/-y$6@



































F	 ! 0B Z5,=?1V7O'1S@m= 7'u>85'"_Aﬂr
'5''!7+@J;'.NP=?-0-x=ﬀ<Ex5F
5= @V$ﬀ@mEx=G5@bBJzEx1m@@MD











   ! #BDJ=?1A$@J'1@9
3








































































































#DBAﬂKEÐN 1.0  :Ni=G1g$5DC­$587È$-x- # 
3




















. [A . 
3
0 [A . 
H
0"0)B
v@%Ex@.'!$@kC@m=:M1J=*?'%@J;K$ﬀ@<Ni=G1<'!$ EJ;Ç=N@m;'%@J;21J''@vCOM8'@=6NFC_AA'g;K$b*G' ] ﬀﬂ 
@
 C_A
Ej _A   2#
@



















>,=?1J' @J;8$65ÔE;@ E=G1J1m'@JMK=G5K7O@@J= @J;'®>,=7O')- XEm;'-EkjOEx5F­M1m=rg-x'> Ni=G1@J'>±M8=?1V$-
-x=GF?EmE@M
















































































































































































































































































































































































































































































ßmààzà sG¸i´¹?ÒV´Á¶yºxÀ¹?ÒÀ¹®äuÀ¹¶»¸PÀbµ sOÜO·mÀ¸JÓ)n!6 ì6|zp6~bìnK|~!ìb~
(
§
vG]~!ë
)
³Ã
§
vG]b[ÄW)q(zæ
\YZvGSqZr\YZv?SVqihjqT]^8qZYZXJW)YZS(hjS(qhj\hj\6¬\hjYZS.W)[S(q(ei\

 ³ÔG:W(rX
W)\Gd_
suc?S(lJvnS(d6hjYZ]!XZq(nOÙ`¸iÀÁm8n G¶jÜ
á
Ób¾a¿5m?À¹JsÜO·mÀ¸P·)¶yºxÁJ´bµ/qÒy¿·mÁ¶xÒuÀZÛäuÀ¾a¿8â?¶y·¸
á
Áºx·¹OÁJ·nêpb])tjcG[S~!ba])^o·mÁ¶yâ?¸P·_y<À¶y·(Òuº0¹äuÀ¾a¿8âG¶»·¸
á
Áºx·¹OÁJ·(nZUW)bSVq|zp|ïn|~b~!ë6
( 	A³ì!íbW
)
± é% 	`W)XZdhzW\?dsK?³,])tjUS(X(
{A\,W)cGYZ]b[gWYJW©PYZvGS(]bXZS(YihjlÄW)UGU?XZ]W)lJv±YZ]ﬃW)cGYZ]b[ÄW)Yihjl
U?XZ]!bXJW[Øp!S(Xihw¬lW)Yihj]!\2ei\­Ùa¸PÀ)Ám nbÒV¶
á
Ób¾a¿OÀbÒVºxâG¾¨À¹KoÀJ¼ºxÁgºx¹äuÀ¾a¿8â?¶y·¸
á
Á)ºj½
·¹OÁm·(nUW)!S(q<ï!bpGïbï|bnu|~bìbí
( 	A³ì!í)Ł
)
± é% 	`W)XZdh8W\?dﬃsKG³±]tjUOS(X(a{Ac?YZ]![gW)YJW(©PYZv?S(]!XZS(Yihjl
YZSVlmvG\6hjªcGS(qa^y]!X[]dWttj]!)hjl(q
])^U?XZ]!bXJW[q( ÀâG¸m¹O´bµ!ÀZÛäuÀ¾a¿8â?¶y·¸u´¹OÚ
á
Ó)ÒV¶»·¾
á
Áºx·¹OÁJ·(nZï!6åP!èmÐ|ìbp6b|bnG|~bì!í6
( éaW\O~!
)
±?é`W)\G\W)!W)bhjq(Akr\?lJvGXZ]b\G]bcGq<[.ctjYihw©PU6t0W(rbSVX.W)[S(qAahjYZvhj\Gl(]b[UtjS(YZS.hj\^y]!XZ[gW©
Yihj]b\,W)XZS<cG\Gd?S(lJhjdOWŁ6tjSb«sKS(XZqZ]!\OW(tul(]![[.cG\hjlW)Yihj]!\2na|~b~!6
